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Abstract 

In the original version of the minimal SU{3)cx SU{3) l x U{\) n model the masses of all quarks are 
correctly obtained by introducing three scalar triplets into the model, meanwhile the lepton mass 
generation requires the introduction of at least one scalar sextet. In this work we show that this 
scalar sextet is unable to yield the correct neutrino masses and mixing. In order to solve this puzzle 
in the most economical way, we evoke an additional Z3 discrete symmetry, without including this 
sextet in the scalar spectrum, and propose a truly minimal 3-3-1 model capable of generating the 
correct masses and mixing of all fermions. Moreover, we show that our proposal leads to naturally 
light neutrinos with masses in the eV range, obtained with three scalar triplets only. Finally, the so 
called minimal 3-3-1 model is also in danger due to the presence of undesirable effective operators 
that lead to proton decay unless they are suppressed by extremely small couplings or, as we choose 
to employ in this work, are eliminated by some discrete symmetry. 
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I. INTRODUCTION 



Although the standard model of the electroweak interactions (SM) is remarkably success- 
ful in describing precision experiments in Particle Physics, we still have many reasons to look 
for Physics beyond the SM. For instance, the SM is unable to explain either the observed 



neutrino oscillation phenomenon [l| or the matter-antimatter asymmetry of the Universe. It 
also does not contain a candidate for the dark matter component of the Universe From 
the theoretical side, new Physics is necessary to explain the hierarchy problem as well as 
the problem of family replication, electric charge quantization, the strong CP problem, etc. 
It thus becomes evident that we have enough, experimental or theoretical, reasons to go 
beyond the SM. 

Unfortunately, until now we have no available complete new theory that is able to account 
for all the experimental and theoretical problems faced by the SM. Each particular route 
beyond the SM is capable of providing an explanation to a couple of such problems as, 
for instance, Supersymmetry theories that can explain the hierarchy problem; Technicolor 
models were also proposed with the same aim, as well as large extra dimensions theories, 
while grand unification theories explain electric charge quantization, etc. While there is no 
experimental or theoretical result that definitely allows us to discard some of these theories 
for not being physically realizable, all should be considered on the same footing as reasonable 
theoretical proposals. Among these theories, as far as we know, the only one that provides 
an explanation of the family replication are those theories based on the SU{3)c x SU{3)l x 
U{1)n (3-3-1) gauge symmetry. In the framework of 3-3-1 theories, an explanation of the 
family replication arises because the gauge anomalies are absent only if there is a multiple 
of three families in their fermion spectrum, and when conjugated with asymptotic freedom, 
this leaves no room for more than the three fermion families. Moreover, these theories also 



provide a natural explanation of the strong CP problem j3|], electric charge quantization {4] 
and possess genuine dark matter candidates [5|. 

Models for the electroweak interactions based on 3-3-1 symmetry were first intensively 



explored in the 1970's js]. However, we stress that all those models involved exotic leptons. 
Actually, regarding this peculiar feature, it is necessary to say that there are two versions of 
3-3-1 gauge models. In one version, the third component of the leptonic triplet is a simply 
charged particle. The other version involves a neutral lepton as the third component of the 



leptonic triplet. 

In the 1990s it was perceived that the exotic leptons could be replaced by the standard 
ones. More precisely, in 1992 a 3-3-1 gauge model was proposed where the third component 
of the lepton triplet was recognized as the anticharged lepton Then, in 1993, a second 
version of the 3-3-1 gauge model with a right-handed neutrino was insightfully proposed 
as the third component of the lepton triplet jsj. The first version [7|] is nowadays called 
the minimal version of the 3-3-1 gauge model, minimal 3-3-1 for short, because its leptonic 
sector is composed exclusively of the standard model leptons, while the second version js] is 
called the 3-3-1 model with right-handed neutrinos. 

In this work we will focus on the minimal 3-3-1 model Our main goal is to show 
that the model, in its current version, cannot accommodate small neutrino masses concomi- 
tantly with the observed charged lepton masses without destroying the neutrino oscillation 
phenomenology. Of course, more scalar multiplets could be added to provide the correct 
observed data, or even the absence of the larger scalar multiplets may be considered if neu- 
trino masses are supposed to be generated through effective operators. However, we can 
show that even in this case the model fails to supply an acceptable solution to this puzzle if 
no extra symmetry is imposed. Besides, we show that the minimal 3-3-1 model experience 
the undesirable presence of effective operators that lead to fast proton decay, which is due 
to the fact that the energy scale of its underlying theory has to be at some TeV 9|. This 
is not a peculiarity of this model, instead, many models that work only to some new low 
energy scale (mainly around a few TeV) may suffer the same drawback Here we seek the 
most economical solution to these problems, both achieved by the assumption of additional 
discrete symmetries. As a result, we will obtain small neutrino masses with no fine-tuning 
in the couplings and an improvement in the charged lepton Yukawa couplings, in the sense 
of their naturalness, when compared to the SM. 

This work is organized in the following way: In Sec. [Ill we give a short review of the 
minimal 3-3-1 model and argue that it is unable to provide a natural explanation of the 
smallness of the neutrino mass and is plagued by dangerous effective operators that could 
engender fast proton decay. Next, in Sec. IIIII we present our modification of the minimal 
model which solves such problems. We summarize our results in Sec. IIVI 
^ Remember that the SM is acceptable even at energies above Planck scale, and it is the presence of baryon 
violating effective operators that gives a clue about a lower bound on the underlying scale for the SM if 
only grand unified theories come next 10|. 



II. THE MINIMAL 3-3-1 MODEL 



In this section we briefly present the minimal 3-3-1 model in its original version and 
discuss its main problems. In supposing only the existence of standard leptons, the model 
mimics the structure of theories of grand unification because all leptons (left-handed and 
right-handed) of each family come inside the same triplet representation of SU{3)l, 

= (i.z,e,,en?;~(l,3,0), (1) 

where I = e, fi, t and T means transposition. Thus, we can immediately conclude that the 



model may explain electric charge quantization d la grand unification theories ^. Of course, 
the real world demands quarks, but unfortunately the same does not happen with quarks. 
Concerning the quark sector, anomaly cancellation requires that one family of left-handed 
quarks comes in a triplet representation of SU{3)l with the following content (below we also 
include right-handed quarks which are singlets), 
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= iu[,d[,J[)l ~ (3,3,-), 



3,1,-), rf;^~(3,l,--), J(^~(3,l,-), (2) 



with u[ and d[ being the standard quarks, while J[ is an exotic quark with electric charge |e, 
and the index "1" labels one of three families of quarks. The other two left-handed quark 
families must come in an antitriplet representation of SU{3)l with the following content 
(again, right-handed quarks are singlets), 

Ql = id[,-ulJ:)lr^i3,3*,~), 
<~(3,1,^), <,~(3,l,-i), 4 ~ (3, 1,-1), (3) 

with u'i and d[ being the standard quarks and J- the exotic ones with electric charge — |e. 
Here the index i = 1,2 represents the two remaining families. 

A curious outcome for this minimal 3-3-1 model is the presence of exotic quarks with 
electric charges |e and |e. It is possible to show that these exotic quarks also carry two 
units of lepton number; in other words, they are fermionic bileptons, as we will discuss 
later. In addition to the standard gauge bosons, the model has five new ones, namely, a 
new Z', two simply charged gauge bosons V^, and two doubly charged gauge bosons t/^^. 
We also call attention to the fact that these four charged gauge bosons carry two units of 



lepton number each, and are thus called bilepton gauge bosons. We stress that both, the 
exotic quarks and the doubly charged gauge bosons, constitute genuine and distinguishable 
signatures of the model. 

Concerning the scalar sector of minimal the 3-3-1 model that provides spontaneous break- 
ing of electroweak symmetry, we recall that in the original version of the model, three scalar 
triplets and one scalar sextet were necessary to generate the fermion masses. They are. 
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These scalars have the following transformation properties under the gauge group S'f/(3)c® 
SU{3)l ® U{1)n, X ~ (1,3,-1), p ~ (1,3,1), T] ~ (1,3, 0) and S ~ (1,6,0). The neutral 
components of the triplets develop vacuum expectation values (VEVs), (r/") = t>^, (p°) = 
"^p, = "^x' thd.t we have the correct pattern of symmetry breaking, with being 

responsible for the SU{3)l ® f/(l)iv breaking to SU{2)i ®U{1)y symmetry, while and Vp 
combine to break SU{2)l ® U{1)y to the electric charge symmetry, U{1)qed- The necessity 
of a sextet scalar in the model is due to the fact that three triplets only are not sufficient to 
generate the correct masses of all fermions. The Yukawa Lagrangian in this case is, 

= -jGabfaL^* fbL + ^iQuX-^l^ + kjQiLX* Jj^ + ^'laQlLP'^aa 

+ LQ^.P*<R + I'LQl.Vu'a, + l'LQ^.V*d',, + h.C. (5) 

In fact, from the above Yukawa Lagrangian, Eq. ([5]), we see that the three scalar triplets 
provide the correct masses of the quarks only. No coupling of leptons with the triplets is 
allowed □, so to generate the lepton masses at least one sextet of scalars has to be added to the 
model ll|. Its presence does not guarantee a tree level Majorana mass term for the neutrinos 



though, unless the first component of the sextet acquires a nontrivial VEV. Otherwise, 
more ingredients have to be added or some radiative mechanism must be developed to 
appropriately generate neutrino masses. Observe that the lepton mass term in Eq. ([5]), 
^ Indeed, there is an unpleasant Yukawa coupling G'^j^eijkf^aL''l3fkbL (here the indexes 7, k correspond 



ll|, that is always 



to the components inside a triplet), which leads to unrealistic charged lepton masses 
avoided through some set of discrete symmetry. In our case it will be avoided by a discrete symmetry 
to be imposed later. 
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seems to imply explicit lepton number violation, which is avoided at the Lagrangian level 
by assigning two units of lepton number to the triplet component. The violation of 
lepton number can occur at the vacuum level when this field develops a VEV. It is this 



lepton number assignment that, through the lepton number conserving scalar potential 
implies nonzero lepton number to other scalars, which couple to the exotic quarks and to 
new gauge bosons, also doubly charged under lepton number, the so-called bileptons. This 
is a peculiar characteristic of some 3-3-1 models. 

Considering only one scalar sextet, S, the masses of all leptons, including neutrinos, arise 
from the common Yukawa coupling in Eq. (EJ, 

-jGabfahS^fbL ■ (6) 

The sextet S has two neutral components, and (72, and when both develop nonzero VEV's, 
fo-i and fo-2, we get nondiagonal neutrinos and charged lepton mass matrices given by the 
following expressions, 

m^^i = GabVai and m,^^ = GabV^i ■ (7) 

As we will explain later, this common Yukawa coupling for charged and neutral leptons is 
troublesome as far as the neutrino oscillation phenomena are concerned. 

Among the most interesting predictions of the minimal 3-3-1 model is the one concerning 
the Weinberg mixing angle 6w, which arises from the kinetic term of the gauge bosons and 
is expressed by the following relation. 



g' Sw 
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where Sw = sin 6*1^, g is the SU{3)l coupling and g' is the U{l)]\f coupling. This relation 
shows us that a Landau pole exists for the theory and, in order to keep the theory inside the 
perturbative regime, a bound on this mixing angle is obtained, < 0.25. Translating this 
in terms of an energy scale, it was pointed out in Ref. jsl that the perturbative regime of the 
model persists until about a few TeV. In other words, the highest energy scale where the 
model loses its reliable prediction power is about 4-5 TeV, and it can certainly be regarded 
as an effective model, meaning that above such a scale the underlying fundamental theory 
has to be called in. In view of this, the main problem that can be posed to the minimal 3-3-1 
model is how is it possible to obtain light neutrino masses through a seesaw mechanism if 
the highest energy scale allowed by the theory is only around a few TeV? Finally, in the 



face of such a small scale for the underlying theory, the minimal 3-3-1 model is plagued 
by dangerous effective operators that could engender proton decay for example, the most 
significant operator given by, 

Cl€,.jk 



A3 



{QiiLyfijLXk{uij,Ydij^ + h.c. , (9) 



where Ci is a dimensionless coupling and A is the underlying fundamental theory scale, 
which is supposed to be around 5 TeV. Here, i,j,k = 1,2,3 are SU{3)l flavor indices and 
we are omitting the color indices which are implicit to be contracted with the antisymmetric 
structure constants forming a singlet under the color group. We suppose that the first family 
is the one that contains the ordinary up and down quarks; for this reason, we have to take 
the Qi^ quark triplet as above in order to combine two up quarks and one down quark in a 
proton. One of the proton decay interactions produced by this dimension-7 operator is, 

^u'le,u'%d', + h.c. , (10) 

which is responsible for proton decay through the transition of a ud (uu) pair to a e+u 
(e+d) pair, ^—7-6+ + 7r°. Making reasonable assumptions on the VEV's, ~ 100 GeV, 
w 1 TeV, and taking A fa 5 TeV, we obtain that the ratio is about 10~^ GeV~^ 
for Ci of the order of unit. This result would imply a proton lifetime of only some 10~^ s. 
This astoundingly contradicts the experiment, and to avoid such a result, the dimensionless 
coupling constant Ci should be unnaturally tiny in the minimal 3-3-1 model. We show in 
the next section how to circumvent the problem of neutrino mass as well as the fast proton 
decay with a smaller scalar content in the minimal 3-3-1 model with additional discrete 
symmetries. 



III. THE TRULY MINIMAL 3-3-1 MODEL 

In this section we propose a modiflcation of the minimal 3-3-1 model which mainly solves 
the problem of getting light neutrinos at the eV scale while keeping the observed feature of 
neutrino oscillation. Besides, we also show a way out for the above-mentioned proton decay 
puzzle in the minimal 3-3-1 model. In this sense we are going to obtain as a byproduct what 
we may call a truly minimal version of the model. 
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A. Lepton masses 



We start this section by showing that a unique scalar sextet is not enough to generate the 
correct masses of all leptons of the model. The reason is simple, notice that the texture of 

is the same as m/ because both are proportional to the same matrix Gab- Automatically, 
the rotating mixing matrix U that diagonalizes rrii, will diagonalize mi too. Thus, the lepton 
mass eigenstates I are related to the symmetry eigenstates / through the following rotation , 



= Uiai^aL and ei^ = UiaCa^ , (11) 



where a = 1,2,3. Consequently, the charged current will always be diagonal, 

^hYeLW^ ^ -j=i.^YeLW;l , (12) 

which goes against the recent atmospheric and solar neutrino oscillation experiments. As 
an immediate consequence, three scalar triplets and one scalar sextet are not sufficient to 
explain the masses of all fermions of the model. There are, in the literature, many suggestions 
for solving this problem but all of them require the enlargement of the particle content of the 



model 121]. To complicate matters even more, recall that the highest energy scale available 
to the perturbative theory is about 5 TeV. Thus, even if we enlarge the scalar sector of the 
model with the intent of obtaining the correct mass terms for the neutrinos through some 
kind of seesaw mechanism, we still face the problem of how to appropriately generate small 
neutrino masses in the eV range. Such a small underlying energy scale just does not comply. 

In order to fully understand this peculiarity in the problem of the smallness of neutrino 
masses in the minimal 3-3-1 model, let us forget for a while the scalar sextet and generate 
the neutrino mass through an effective dimension-5 operator, 

jifEv^Wh), (13) 

where h is a. dimensionless coupling and A is the mass scale of the underlying fundamental 
theory. This operator yields the following mass formula for the neutrinos. 



m,, = 



(14) 



A 

Notice that, for ^ 10^ GeV and A = 5 TeV, we get mj, = lOh GeV. In other words, 
even if we implement some appropriate mechanism to generate tiny neutrino masses, the 
non-negotiable presence of an effective dimension-5 operator is predicting heavy neutrinos, 
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washing out the hghtness of the neutrino mass. Of course, the addition of more scalars 
might be enough to generate different mass textures and lead to the observed mixing in 
the charged current, but clearly it would be helpless in dealing with the effects of such a 
dimension-5 operator. So, concerning neutrinos, this is the present undesirable status of the 
minimal 3-3-1 model. 

Let us now provide a solution to this problem. Our basic idea is to eliminate the scalar 
sextet and try to generate the masses of the leptons through effective operators. These 
operators should emerge from the underlying fundamental theory anyway, but we will not 
be concerned about the details of such a theory. What matters to us in this work is to 
investigate its low energy effects through effective operators. In avoiding the scalar sextet, 
the particle content of the model involves the leptons and quarks in Eqs. ([1]), ([2]) and ([3]), 
and the three triplets r/, p and x i^i Eq. 

In order to get rid of the effective dimension-5 operator in Eq. (fT3|) that generates heavy 
neutrino masses, we evoke the discrete symmetry with the following representation for 
the scalar and fermion fields, 

Ji, ^ e-2-/3ji„ J,, ^ e'^^/'Ji,, (15) 

and all the other fields transform trivially under the symmetry. It is important to point 
out that all the original Yukawa couplings that lead to the correct mass terms for all quarks, 
Eq. dS]), are maintained in the presence of this Z^ symmetry, so we do not worry about this 
sector. Let us focus then on the lepton masses, starting with the neutrinos. 

It is amazing that such Z^ symmetry allows, as the first dominant effective operator that 
generates the neutrino mass, exactly a dimension- 11 operator, 

^{flv*){pXVnv\fL), (16) 

where h'^ is a dimensionless coupling. In this equation the term (pxv) is the antisymmetric 
singlet combination under SU{3)l- It is easy to see that lower dimension terms are forbidden 
since we need to couple the lepton triplet to the rj triplet in order to select the neutrino when 
the 77° acquires a VEV, 

iflv^Mh) (17) 
9 



which is gauge invariant. However, the symmetry demands that we multiply this resulting 
term by some combination of scalars that transforms as e^™!'^ under Z3. In this way, no 
power of hermitian terms of the kind 0^0 (where is any of the scalar triplets) will do the 
job alone. The only combination of triplets that can be used to get the lowest dimension 
operator is the gauge invariant antisymmetric combination eijkPiXjVk and its powers. The 
second power in this term is the least we can add that possesses the right Z3 quantum 
number. 

When 7], p and x develop their respective VEVs, the dimension-11 operator in Eq. ( !T6|) 
generates the following expression for the neutrino masses, 

= j^vy^vl . (18) 

That is a striking result if one observes that even for A around v^, the operator above 
is suppressed enough to generate small masses for the neutrino. For instance, in being 
conservative and taking, as before, f x ~ 1 TeV, ~ 10^ GeV, A = 5 TeV and Vp ~ 10 GeVlj, 
we obtain a prediction for the neutrino masses, rrii, ^ 0.1 h'^ eV, meaning that a A around a 
few TeV is perfectly compatible with neutrino masses at the sub-eV scale, which represents 
an astonishing achievement for the model. 

Now let us focus on the charged leptons. In the presence of the symmetry the dominant 
effective operator that generates their masses is, 

jiflplix^h) + y (/Fx*)(pVl) + H.c. (19) 

Here the parameters /i' and h"" are dimensionless couplings. After spontaneous symmetry 
breaking, this term generates the following expression for the charged lepton masses, 

h'- + h"' 

mi = — VpV^ . (20) 

Again, this is formidable because since A is around 5v^, we have mi ^ (/i' + h'^)vp/'b. This 
is very close to the SM expression for the charged lepton masses, with less fine-tuning in 
the couplings. To check this, by taking the same set of values for the VEVs and A assumed 
above, we obtain the following prediction for the charged lepton masses, mi ^ 2(/i' + /i")GeV. 
There is an evident gain in relation to the SM prediction, where mi ^ 10^ ?/' GeV, and y'' is 



^ We remember that Vri and Vp combine to give the Standard Model VEV, such that this choice for the 
value of Vp is quite reasonable. 
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the SM Yukawa couplings for the charged leptons. In our case, considering charged leptons 
in a diagonal basis, we just need couplings in the range 10~^ — 10^^ to get the correct masses 
for all charged leptons. This has to be contrasted with the SM scenario that requires charged 
lepton Yukawa couplings from 10^^ — 10^^, and the situation is worsened for the neutrinos 
if one includes right-handed singlet neutrinos in the SM to give them a Dirac mass. Thus, 
our model also represents a small improvement concerning the large hierarchy of Yukawa 
couplings for leptons in the SM. Besides, the problem of a diagonal charged current in the 
minimal model can be solved if we take into account that the effective couplings in Eq. (fT8|) 
are nondiagonal, since they are unrelated to the charged lepton couplings in Eq. fl2Ul) . The 
neutrino oscillation pattern may then be recovered by a judicious choice of these couplings. 

Considering all this, i.e., that our model needs three scalar triplets only and is still able 
to generate the correct masses for all fermions, including neutrinos at the eV range, without 
jeopardizing the mixing in the electroweak charged current, we claim that this version of the 
model developed here with a Z3 symmetry is, in fact, the truly minimal 3-3-1 model. Next 
we approach the problem of fast proton decay in the truly minimal 3-3-1 model. 



B. Proton decay 

Although we have shown how to make the minimal 3-3-1 model consistent with the 
observed leptonic spectrum, our proposal suffers from the same disease as the minimal 
3-3-1 model, namely, fast proton decay when no unnaturally tiny coupling constants are 
allowed. In the truly minimal 3-3-1 model the dangerous operator of lowest dimension is 
the dimension-8 operator. 



A4 



{QuJljLXk){Qli,Qlm,Xn)+h.C., (21) 



where, i, j, k,l,m,n = 1,2,3 are SU{3)l indices and again we assumed an antisymmetric 
singlet combination in color space. C2 is a dimensionless coupling, with A representing the 
underlying fundamental energy scale. Observe that we have four fermion fields transforming 
as triplets under SU{3)l, which makes the antisymmetric combinations taken above, the 
most economical choice, invariant under the gauge group and the Z3. One of the proton decay 
interaction terms that this dimension-8 operator produces is (omitting the antisymmetric 
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tensors) , 




u'£eLu'£d']^ + h.c. , 



(22) 



which, using the same assignments for the parameters as before, yields an effective couphng 
for C2 ~ 1 that is of order of 4 x 10^^ GeV~^, and a proton hfetime around 10"'' s, still far 
too short. The simplest solution to this problem is to admit an additional discrete symmetry, 
Z2, working on the following fields. 



with Qaji representing all right-handed singlet quarks, ordinary and exotic ones, with a = 
1,2,3. All the remaining fields are even under this Z2. It can be easily seen that the 
dimension-8 operator in Eq. f l2T|) is forbidden together with all relevant proton decay oper- 
ators which were allowed before this symmetry since they involve an odd number of quark 
fields. Clearly, this eliminates the problem from the beginning for any model, but here it is 
a necessity (as well as for the minimal 3-3-1 model), differently from the SM, for example. 

IV. SUMMARY 

In conclusion, we proposed a truly minimal 3-3-1 model for the electroweak interactions 
where the scalar content is composed of three scalar triplets only. The essence of the idea 
is to impose a Z3 symmetry with a particular representation that forbids Yukawa couplings 
at tree level involving the lepton triplets. As a consequence, charged lepton masses arise 
from effective dimension-5 operators while neutrino masses arise from effective dimension- 
11 operators. Remarkably, for typical values of VEVs of the theory, we obtain neutrino 
and charged lepton masses in the right energy range, namely neutrino masses at the sub- 
eV scale and charged lepton masses at the GeV scale, with naturally occurring Yukawa 
couplings, meaning no (or little) fine-tuning when compared to the SM. Besides, we have 
shown that the minimal 3-3-1 model faces a serious problem concerning proton decay, caused 
by unavoidable dimension-7 effective operators. This undesirable feature is also present in 
our model through dimension-8 operators, which slightly alleviates the problem but still 
implies a fast proton decay. We choose to eliminate such operators at any order by imposing 
a Z2 symmetry that kills any operator involving an odd number of quark fields, without 



Qan -Q. 



(23) 
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jeopardizing any other term in the model Lagrangian that reproduces the well-known quark 
phenomenology. 
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